We demonstrate a nonvolatile, write-once-read-many-times ͑WORM͒ memory device employing a hybrid organic/inorganic semiconductor architecture consisting of thin film p-i-n silicon diode on a stainless steel substrate integrated in series with a conductive polymer fuse. The nonlinearity of the silicon diodes enables a passive matrix memory architecture, while the conductive polyethylenedioxythiophene:polystyrene sulfonic acid polymer serves as a reliable switch with fuse-like behavior for data storage. The polymer can be switched at ϳ2 s, resulting in a permanent decrease of conductivity of the memory pixel by up to a factor of 10 3 . The switching mechanism is primarily due to a current and thermally dependent redox reaction in the polymer, limited by the double injection of both holes and electrons. The switched device performance does not degrade after many thousand read cycles in ambient at room temperature. Our results suggest that low cost, organic/inorganic WORM memories are feasible for light weight, high density, robust, and fast archival storage applications.
I. INTRODUCTION
The observation of electroluminescence in organic semiconductors 1 as well as conductivity in polymers 2 has initiated intense research in organic optoelectronics for the last three decades. Indeed, a wide variety of devices based on polymers and small molecules have been demonstrated, including light emitting diodes, field effect transistors, integrated bistable switches, smart labels, electronic paper, and photovoltaic cells. [3] [4] [5] [6] [7] [8] It is anticipated that the advantage of organic semiconductors is their potential for low cost processing and production of devices and systems. 9, 10 In particular, conducting polymers have attracted attention because of their high conductivities, electrochromic properties, flexibility, and mechanical strength. [11] [12] [13] Among other applications, they have been successfully employed as antistatic coatings for photographic film, 14 transparent electrodes for electroluminescent displays and organic light emitting diodes, 15 and as the active layer in electrochromic cells and smart windows. 14 -20 The need for high capacity and inexpensive data storage is required for increasingly sophisticated handheld applications such as high resolution digital cameras, palm top computers, mobile phones, etc. This is driving research on materials systems and architectures for memory devices. [21] [22] [23] [24] [25] [26] High capacity and low cost write-once-read-many-times ͑WORM͒ memories have advantages over rewritable memories for archival storage applications such as flash memory cards and miniature hard disks. For example, WORM memories require no energy to refresh stored data; an especially important feature for mobile and handheld applications. Furthermore, they are fast and easy to access, and do not require fragile and energy consumptive mechanical disk drives. In a WORM device, data are permanently stored as is required for archiving and for noneditable databases. Their use also can obviate the need for copying and securing data onto permanent media.
A simple architecture for a WORM memory is a thin film passive matrix ͑PM͒ addressable array. As in PM displays, 27 the nonlinearity of rectifying diodes allows for separately addressing each array crosspoint. In a memory, a switch has to be implemented that changes the behavior of a crosspoint during the writing operation. Both fuse ͑normally closed prior to use͒ and antifuse ͑normally open͒ behavior are possible for such a switch, although fuses are preferred since they facilitate testing and quality assurance immediately following fabrication.
Ideally, the memory crosspoint should monolithically integrate the nonlinear diode with the fuse. Typically, electronic memories using inorganic semiconductor devices are operated at current densities Ͼ100 A/cm 2 , allowing for low noise data access and fast signal processing. Unfortunately, such high current densities lead to degradation induced by Joule heating of organic semiconductor films. Here we demonstrate an integrated organic/inorganic semiconductor hybrid WORM memory device that uses the high stability and rectification ratio of Si diodes, and the fast, reliable fuse opening properties of a switchable polymer organic thin film placed in series with the diode. 28 We find that the conductive polymer switches within ϳ2 s from a high to a low conductivity state at a peak current density of 10 4 A/cm 2 . This article is organized as follows: In Sec. II we describe our experimental procedures, followed by experimen-tal results in Sec. III. Here, our focus is primarily on the time and voltage dependence of the switching mechanism of thin conductive, electrochromic polymer films. A discussion of these results is then provided in Sec. IV. The integration of a conductive polymer fuse with a Si diode in a memory element is demonstrated in Sec. V, and in Sec. VI we present conclusions.
II. EXPERIMENTAL METHODS
The memory element is comprised of a thin film silicon p-i-n diode capped by a layer of polyethylenedioxythiophene ͑PEDT͒:polystyrene sulfonic acid ͑PSS͒ ͑PEDT:PSS, referred to as PEDOT͒ tradename, BAYTRON P, from Bayer Corp. deposited onto the p-Si contact ͓Fig. 1͑a͔͒. The Si diodes were fabricated by low temperature deposition on a lightweight, flexible stainless steel substrate coated with a 100-nm-thick Al layer that served as the cathode. The p-i-n rectifying structures consisted of a grown, 15 nm n ϩ Si/400 nm undoped ͑intrinsic͒/25 nm p ϩ Si junction region.
To independently investigate the switching properties of the polymer, an indium tin oxide ͑ITO͒/polymer/metal sandwich device was fabricated ͓Fig. 1͑b͔͒. These polymer-only devices were fabricated on precleaned, approximately 20 ⍀/sq., ITO-coated glass substrates. The films were deposited by spinning the aqueous PEDOT dispersion onto either the Si diode p-type contact, or the ITO for 40 s. As shown in Fig.   2 , there is an approximately quadratic dependence of film thickness ͑d͒ on spin speed. The film thickness decreases from dϭ105Ϯ15 nm at 1000 rpm, to 25Ϯ5 nm at 6000 rpm. To remove residual water, the films were baked at 140°C for 1 h in a nitrogen filled glove box (Ͻ1 ppm O 2 , Ͻ1 ppm H 2 O). Gold was then thermally evaporated onto the PEDOT surface in a vacuum ϳ10 Ϫ6 Torr through a shadow mask to yield 100-nm-thick ͑17 m͒ 2 square metal contacts of area 3ϫ10 Ϫ6 cm Ϫ2 on both the all-polymer and hybrid polymer/Si devices. None of these fabrication steps had a measurable effect on the electrical characteristics of the asprocessed Si diodes.
The devices were electrically characterized using a Hewlett-Packard HP4155B semiconductor parameter analyzer equipped with an Agilent 41501A pulse generator for short voltage pulse measurements.
The molecular structural formulas of the two components of PEDOT; PEDT and PSS, are depicted in Fig. 1͑c͒ . Several aqueous dispersions of PEDOT exhibit different conductivities. 12 In this work, the high conductivity grade Baytron P AI4071 was used, with a solid content of ϳ1.5% and a PEDT:PSS weight ratio of 1:2.5. The polythiophenebased polymer is oxidatively p-doped (PEDT ϩ ) by the anionic sulfonic acid containing compound (PSS Ϫ ). 12 In the p-doped state, PEDOT films exhibit highly stable 29 conductivities of up to 1 S/cm. The as-deposited films have a principle absorption edge at 0.6 eV, making it optically absorbing in the infrared but transparent across the visible spectrum. 12, 16 III. EXPERIMENTAL RESULTS Figure 3 presents the current density, J, as a function of voltage, V, for the all-polymer devices in Fig. 1͑b͒ where dϭ40 nm. The data were taken using a voltage ramp rate of 1.0 V/s from 0 to 10 V, and back to 0 V. During each voltage step of duration t d ϭ10 ms, the voltage was applied for an interval that was varied from ϭ0.5 to 4 ms ͑inset, Fig. 3͒ . While the final change in film conductivity is the same for all voltage sweeps ͑Fig. 3͒, the cyclic sweep characteristics show distinct features that depend strongly on . All characteristics show a peak ͑1͒ at ϳ2 V, demarking the onset of a first process that results in a significant decrease in the film conductivity. The voltage at which peak ͑1͒ occurs is independent of pulse duration, , or duty cycle, /t d . Following the onset of a second peak ͑2͒, the J -V characteristics reach a minimum ͑M͒ that shifts from 5 to 3.5 V as increases from 0.5 to 4 ms. Within this voltage range, the narrow peak ͑2͒ shifts towards ͑1͒ by ϳ0.5 V with increasing . Hence, peaks ͑1͒ and ͑2͒ merge as and the duty cycle are increased. At voltages above ͑M͒, the differential film resistance becomes positive, indicating the end of the ''writing'' process that commences at 2 V.
At between ϳ5 and 6 V, depending on , ͓peak ͑3͒ in Fig. 3͔ a second, broad peak is observed, whose onset is followed by a permanent, large decrease in film conductivity. With increasing , peak ͑3͒ shifts by almost 2 V to lower voltages as it significantly broadens. The process continues up to 10 V, the turning point of the voltage sweep. The voltage could not be increased any further due to sample heating and subsequent degradation. However, if the voltage is not increased to Ͼ10 V, minimal or no evidence for physical film degradation or color change is found, as is apparent from the micrograph of a switched film contact in the inset of Fig. 4 . Here, the central contact has been switched at ϳ10 V, showing no change from an as-deposited contact. At a higher stress voltage, slight ''bubbling'' at the contact edges appears, as indicated by the arrows in the surrounding contacts.
After returning to 0 V, the film conductivity has permanently decreased by up to 10 3 times compared to films immediately following deposition. The change is permanent, and the variation in conductivity of the final state is Ͻ10% from sample to sample.
To further explore the complex effects observed in Fig.  3 , both voltage and time dependent measurements were performed on the polymer-only devices. Figure 4 compares the J -V characteristics of a device that was switched using a voltage sweep with a 100% duty cycle ͑i.e., t d ϭ), and one that was switched with a single voltage pulse of 10 V with a width of ϭ2 s. Both devices have identical characteristics before and after switching, showing that a single short voltage pulse can switch the film in a manner equivalent to switching by a quasicontinuous voltage sweep. The conductivity in both cases decreases by a factor of ϳ500, corresponding to a decrease of similar magnitude in the polymer conductance.
Both the voltage pulse amplitude and pulse width were varied to determine the minimum voltage required to obtain a change in conductivity as in Fig. 4 for a given pulse width, . Figure 6 shows the required switching voltage as a function of pulse width. The voltage depends only weakly on , increasing from ϳ8.5 V at ϭ500 s to 10 V at 2 s. This is compared with the voltage required for switching the film with a quasicontinuous voltage sweep of ϳ8 V. To determine if a voltage ''offset'' exists in the switching transient, the current during the voltage pulse was obtained. Figure 5 , inset, shows the time resolved current during an 8 V pulse with a width of 100 s. Within the 100 ns rise time of the pulse generator, the current density reaches more than 3 kA/cm 2 , and the switching occurs within the first ϳ1 s. This rapid switching phenomenon is thus responsible for the weak voltage dependence for pulse widths Ͼ1 s.
The onset of the permanent conductivity change occurring at peak ͑3͒ was explored as a function of film thickness, d, in Fig. 6 . Here, a linear fit to the location of peak ͑3͒ indicates the presence of an offset voltage (V offset ); i.e., a voltage below which no permanent change in conductivity occurs. Replotting these data versus electric field after subtracting V offset ϭ4.5 V from the applied voltage, shows that FIG. 4. Current density vs voltage characteristics of a 40-nm-thick PEDOT film switched into a low conductivity state using quasistatic ͑closed circles͒ and pulsed switching ͑open circles͒. Here, the quasistatic sweep employed was cycled from 0 to 10 V and back to 0 V using a 100% duty cycle, whereas the pulsed switching employed a single 2 s, 10 V voltage pulse. Inset: Micrgraph of a group of ͑17 m͒ 2 contacts on PEDOT after current stress. While no morphological damage is observed on the central, switched contact, some bubbling of the contact edges is apparent in the surrounding contacts ͑arrows͒ after applying an excess voltage stress.
the switching phenomenon giving rise to permanent conductivity changes occurs at a constant value of electric field over the range of film thicknesses ͑25-60 nm͒ investigated. Figure 7 shows the time dependence of the current density for a 30-nm-thick film during voltage pulses of different amplitude. The rise of the current ͑solid arrow͒ is limited by the 100 ns rise time of the pulse. For voltages larger than 5 V, a peak appears at the trailing edge of the current transient ͑hollow arrow͒. With increasing voltage, and therefore current density, the peak shifts to shorter delays from the leading edge of the voltage pulse. For a pulse duration of ϭ2 s, current densities approaching 10 4 A/cm 2 at times of 800 ns, followed by a nonexponential decay transient lasting for several microseconds, is observed for this film. For the thinnest ͑ϳ25 nm͒ films studied, the peak current is reached at 500 ns. This behavior allows for complete switching with 500 ns pulses if the voltage is increased to у10 V. In contrast, ϭ5000 s is required to switch the film at a voltage of only ϳ4 V. We note that the maximum permanent reduction in the film conductivity ͓corresponding to peak ͑3͒ in Fig. 3͔ is incurred only after current peak ͑hollow arrow͒ has decayed to a level below the initial value of the current plateau ͑solid arrow͒. This requires ϳ1 s following the occurrence of the transient peak. Hence, the entire conductivity switching process has a duration of 1-2 s from onset to completion using a 13 V pulse. During the period when the current plateaus ͑i.e., between 200 ns and 1 s, solid arrow͒, there are no large permanent changes in the film properties observed, corresponding to the situation leading up to peak ͑1͒ in Fig. 3 .
In Fig. 8 we plot the current peak position as a function of electric field ͑calculated after V offset ϭ4.5 V has been subtracted͒ for films varying in thickness from 25 to 60 nm. It is apparent that the highest electric fields result in the minimum transient peak delays, with a shortest delay of 500 ns ͑for d ϭ25 nm) at a field of 3 MV/cm. Further, there is no systematic dependence of the peak position on film thickness; only on electric field strength. The longest delay time of 4 s is achieved at an electric field of 500 kV/cm. Note that the conductivity switching process commences at the onset of the transient peak, although it is not complete until the following ϳ1 s as the current falls toward zero. Hence, the entire conductivity switching process takes 1-2 s to complete.
Finally, the current density versus pulse voltage in the ''plateau'' region prior to the onset of the current peak is plotted in Fig. 8͑b͒ . While there is scatter in the magnitude of the current as a function of film thickness, the general trend is that expected: as the film thickness increases, the current decreases. In all cases, the current density under pulsed conditions approximately follows J -V 2 ͓the power law corresponding to the slope of the line in Fig. 8͑b͔͒ . Fig. 3 as a function of film thickness ͑circles͒. Also shown is the electric field at peak ͑3͒ calculated from the applied voltage, assuming a threshold voltage of V T ϭ4.5 V is required to introduce a permanent switching in film conductivity to the high resistance state.
FIG. 7.
Transient response of the current density across a 30-nm-thick PEDOT film as a function of the voltage pulse height during the pulse whose duration is Ͼ10 s. The voltage is stepped from 5 V ͑lowest curve͒ to 13 V ͑top curve͒. The solid arrow shows the plateau region where no changes in conductivity are observed, whereas the hollow arrow indicates the current peak corresponding to the process where there is a significant drop in conductivity, as is apparent from the slow drop in current density following the peak. The conductivity switching process is complete approximately 1 s following the current peak.
IV. DISCUSSION
Since PSS is electrically insulating, conduction occurs by transport along the p-doped PEDT chains, along with hopping between chains within the PSS matrix. Therefore, transport can occur along high conductivity percolation pathways formed by PEDT ϩ chains throughout the film. The energy levels of PEDT ϩ ͑referenced to the vacuum level, wrtvl) that are responsible for charge transport are shown in Fig. 9͑a͒ . These energies, and the work functions of ITO and Au, were determined by ultraviolet and x-ray photoelectron spectroscopies, and optical spectroscopy͒. 16, 30, 31 It is apparent that holes can readily be injected from both Au and ITO into the highest occupied molecular orbital ͑HOMO͒ of the PEDT ϩ at 5.0 eV. Although the lowest unoccupied molecular orbital ͑LUMO͒ state is only 0.6 eV above the HOMO ͑at 4.4 eV wrtvl), there is a large energy barrier to overcome for electron injection. Thus, to promote injection of an electron subsequent to the oxidation of PEDT to PEDT ϩ , the cation is electrochemically reduced to PEDT 0 , and the energy level scheme changes dramatically as shown in Fig.  9͑b͒ . In the neutral PEDT 0 state, electrons can only occupy the LUMO at 3.9 eV wrtvl, and the optical energy gap increases to 1.5 eV ͑the shift in optical properties is known as electrochromism͒. 16 The positions of the energy levels in Fig. 9 were obtained for a film near thermal equilibrium.
However, under current injection, the system is in a highly dynamic state where rapid and sequential oxidation and reduction by the successive transfer of holes and electrons occurs.
As voltage is increased beyond peak ͑1͒, the electrochemical oxidation to PEDT ϩ is accompanied by a decrease in film conductivity due to a lower charge carrier concentration and hole mobility along the polymeric backbones. In the case of limited electron injection at Ͻ2 V, only a small fraction of the PEDT ϩ chains is reduced, leaving a high density of conductive paths to maintain an overall high film conductivity. However, as electron injection increases with voltage, more chains are reduced, and this concomitantly reduces the number of conductive percolation pathways. This effect follows peak ͑1͒ in Fig. 3 , where the differential resistance becomes negative. As the majority of chains revert into PEDT 0 in the presence of an injection current, the percolation path density is diminished. Thermal effects can be excluded in this regime since peak ͑1͒ is independent of . The reversibility of the temporal characteristics at low voltage also supports this conclusion.
The considerable structure in Fig. 3 suggests the coexistence of several species, each with a slightly different redox potential than the others. Specifically, peak ͑2͒ shows a similar behavior to that of ͑1͒, where the steep increase in current suggests that there is a well-defined species of chains with a slightly different reduction potential or chain environment within the film. Although PEDOT films are morphologically smooth, the aqueous dispersion contains particles consisting of interpenetrating coils of PEDT and PSS chains, each of a well defined size. The surplus of PSS may lead to PEDT FIG. 8 . ͑a͒ Position of the current transient peak in Fig. 7 corresponding to the permanent drop in film conductivity, as a function of electric field ͑cal-culated using the applied voltage, assuming a threshold voltage of V offset ϭ4.5 V is required to induce permanent conductivity changes͒ for several PEDOT film thicknesses. The line is a guide to the eye, but follows 1/electric field. Since all data fall on approximately the same line, we infer that the peak position is a function of electric field. ͑b͒ Current in the plateau region ͑solid arrow, Fig. 7͒ as a chains that are isolated by PSS from the percolation paths or the electrodes, thereby hampering electron injection by the resulting energy barrier. The shift of ͑2͒ by ϳ0.5 V towards ͑1͒ with increasing indicates that there is a slow diffusion of electrons branching into these domains, or that the diffusion is thermally activated. In any case, the presence of two peaks suggests the existence of morphological inhomogeneities that are commonly found in many polymer systems and blends such as PEDT:PSS. The reduction of PEDT ϩ continues with increasing voltage ͑and hence, electron injection͒ until a maximum number of chains in the neutral PEDT 0 state is achieved for all in Fig. 3 . In contrast to PEDT:PSS electrochemical cells, 16, 17, 20 there is no reservoir of counter-ions in the thin film device ͓Fig. 1͑b͔͒ to compensate PSS Ϫ upon reduction of PEDT ϩ . Without these counter-ions, PEDT 0 can be redoped by PSS Ϫ if the current is turned off, leading to only a temporary change in conductivity. This is consistent with experimental results that show no permanent changes if the device is biased to Ͻ2 V. Above this voltage, a limited number of chains becomes permanently reduced, giving rise to a moderate ͑factor of 2-5͒ permanent decrease in film conductivity. At yet higher voltages above an offset of V offset Ϸ4.5 V, a second process ͓peak ͑3͔͒ renders a large, permanent decrease in film conductivity by up to a factor of 10 3 . Clearly, the proposed permanent reduction of PEDT ϩ requires the presence of electrons in this predominantly holeconducting medium. Yet there is a significant barrier to electron injection ͑ϳ0.5 eV͒, at least at low voltages, although hole conduction readily occurs in the PEDOT system. We find that at the lowest voltages ͑0-2 V͒, the current density is reversible over times scales of the experiment ͑minutes͒, approximately following J -V 2 to current densities approaching 10 3 A/cm 2 . The current in the low voltage region may be due either to space charge limited ͑SCL͒, or contact limited transport. For SCL currents characteristic of many organic thin films, 32, 33 the J -V characteristics are expected to follow Jϭ(9/8)⑀ p V 2 /d 3 , where ⑀Ϸ2.5ϫ10 Ϫ13 F/cm is the film permittivity, and p its hole mobility. However, our experiments show that the characteristics do not unambiguously follow the expected 1/d 3 thickness dependence, as is readily apparent from both the quasi-static as well as the transient characteristics in Figs. 3 and 8͑b͒ . This suggests the alternative possibility that contact injection effects must play the dominant role in determining the observed current dependence. 34 The importance of contact injection, particularly of electron ''minority carriers,'' is supported by the transient current peak delay. In Fig. 10 , we show that the delay from the voltage pulse leading edge is linearly dependent on 1/(V ϪV offset ) for a dϭ40 nm PEDOT film, where V offset ϭ4.5 V. In this case, V offset ϭ4.5 V is the voltage drop across the ITO contact necessary to inject an appreciable concentration of electrons, and also corresponds to the electric field required to make peak ͑3͒ and the current transient delay both thickness independent ͓see Figs. 6 and 8͑a͔͒. We can understand the transient response using a double carrier injection model previously applied to defected amorphous Si pϪiϪn diodes. 35, 36 That is, in PEDOT it is found that the current is primarily carried by holes. 12 However, at V ϾV offset , electrons are injected, thereby neutralizing some of the space charge due to the hole current. This, in turn, increases the internal electric field within the polymer, further lowering the barrier to holes and leading to a significant increase in hole current. Under these conditions, the hole current exceeds that in the absence of the counter electron charge by the ''double injection gain,'' giving rise to the observed current peak. 36 At the higher pulse voltages, the peak delay decreases due to the field dependence of the electron mobility, and to the larger density of injected electrons present to neutralize the hole space charge. Note that although the current is controlled by the presence of electrons, the electrons themselves do not contribute appreciably to the current. From the peak delay in Fig. 10 , the straight line fit for a 40-nm-thick film follows: tϭd 2 / n (VϪV offset ), from which the low electron mobility is inferred, to obtain n ϭ(1.0Ϯ0.2)ϫ10 Ϫ6 cm 2 /V s, in reasonable agreement with expectations for a predominately hole transporting polymer. Measurements of the peak delay for films of different thicknesses results in a mean electron mobility of ͗ n ͘ ϭ(1.5Ϯ0.5)ϫ10
Ϫ6 cm 2 /V s. Hence, we conclude that contact limited injection of electrons leads to the transient in hole current in Fig. 7 .
We note that significantly lower voltage switching ͑ϳ4 V͒ can be obtained by lowering the electron injection barrier. This can be accomplished by direct layering of the PEDOT onto an n-type Si wafer. A complete discussion of this alternative contact architecture is beyond the scope of this work and will be discussed elsewhere. 37 The electron injection hypothesis also points to a possible origin of the permanent large changes in conductivity that ensue following peak ͑3͒ in Fig. 3 . It has been observed that the conductive state of PEDOT is extremely stable. 29 Indeed, introducing dopants that reduce, or otherwise compensate PSS Ϫ have been found to result only in a temporary reduction in conductivity. 29 Although the charged sulfonate group (SO 3 Ϫ ) of PSS is resistant to electrochemical reactions, it can be stabilized by hydrogenation to PSSH via
This reaction is mediated by residual water in the film or that absorbed from the ambient producing the stable species, PSSH.
30
Once the switching process is initiated, the effect depends strongly on and duty cycle, indicating that thermal effects also contribute at the high current densities required to catalyze the reaction in Eq. ͑1͒. Indeed, permanent changes in conductivity by thermal undoping of the polymer at elevated temperatures ϳ200°C have been reported by Pei et al. 20 Quantitative support for thermally driving the film undoping mechanism in Eq. ͑1͒ is obtained by calculating the thermal transient response for the film using
where is the thermal conductivity of the film, T is the film temperature, is the density, and c v is the heat capacity at fixed volume of PEDOT. Furthermore, PϭJV is the power density dissipated in the film immediately prior to the onset of permanent conductivity changes. Assuming that the PEDOT surface in contact with the glass is anchored at T 0 ϭ300 K, then Eq. ͑2͒ has the approximate solution 38 TϭT
where the thermal equilibration time is ϭc v d 2 /, and T M ϭJVd/. Using typical values for , , and c v for polymer films, we estimate ϳ100 ns and T M ϳ200°C for the conditions used in our experiments. This temperature increase is sufficiently high to increase the rate of reaction and activates the thermal undoping mechanism, yet is insufficiently high to introduce morphological damage, consistent with observations ͑see inset, Fig. 4͒ . Fig. 1͑a͒ were fabricated to demonstrate the fully fused, nonlinear WORM element such as that required in a matrix memory architecture. Here, a dϭ40 nm film of PEDOT was applied to the thin film Si diode p-contact surface. The current-voltage characteristics of the Si diode and the Si/PEDOT hybrid device before and after switching are shown in Fig. 11 .
V. INORGANIC-ORGANIC HYBRID ORGANIC MEMORIES

Devices in
The forward current reaches 100 mA at a voltage of 1.5 V, whereas under reverse bias, the leakage is only 2.3 nA at Ϫ1.5 V, giving the nonlinear electronic element a rectifying ratio of ϳ10 5 at this voltage. For the hybrid organic/ inorganic device, contact is also made to a ͑17 m͒ 2 Au electrode deposited onto the organic surface after spinning and baking the PEDOT thin film onto the full Si surface. Due to the series resistance of the dϭ40 nm polymer film, the forward current is reduced to 400 nA for the hybrid device. Furthermore, the reverse leakage current is also increased slightly, particularly as voltage is increased to Ϫ1.5 V. The excess leakage is due to the presence of a large area, conducting polymer contact made across the full surface of the Si diode structure. In an actual passive matrix memory, however, the Si and polymer regions between the row and column contacts are selectively removed using, for example, directional reactive ion etching. Hence, this leakage should not degrade the reverse biased performance in a memory matrix. Indeed, removing the 50-nm-thick PEDOT layer in a fused Si device by exposure to an oxygen plasma reduced the dark current by more than a factor of 3ϫ10 3 , a reduction that should scale linearly with PEDOT film thickness. Nevertheless, the rectification ratio of the unetched hybrid device with the fuse in the closed state in Fig. 11 has decreased to ϳ50.
To switch the fuse state from closed to open ͑equivalent to writing a ''1'' at this memory location͒, the voltage is ramped at a rate of 1.0 V/s from 0 to 10 V, and back to 0 V. During each voltage step of duration t d ϭ10 ms, the voltage was applied for only ϭ4 ms ͑corresponding to a 40% duty cycle͒ as shown in the inset, Fig. 3 . On applying this cyclic voltage ramp, the fuse opens, reducing the current to a background leakage of ϳ10 pA at all voltages applied. Hence, the contrast between a logical 1 and ''0'' has increased by a factor approaching 10 4 , assuming that the state will be queried under a forward bias of 1.5 V. The observed dramatic increase in polymer film resistivity is permanent, reproducible, and predictable. That is, in switching ϳ200 PEDOT films, the film always made the transition to the nonconducting state without a single short observed. The reliability, irreversibility, and reproducibility of the switching process are, of course, essential in the operation of any practical memory array.
Using a slightly thinner PEDOT layer, the open circuit conductivity would still remain high, while the series resistance is expected to be reduced such that the forward current will increase by a factor of ϳ10. Furthermore, the Si diodes readily sustain current densities Ͼ10 4 A/cm 2 , and are therefore are not adversely affected by the polymer conductivity switching process. With these results, we can estimate the size of a memory that can be implemented by this approach. For example, a simple NϫN pixel crosspoint passive matrix memory is addressed row by row by measuring the current flowing from N columns to the row in question. In the case of the inorganic/ organic hybrid memory, a ''written'' pixel would have an open fuse. Hence, an incorrect reading ͑that is mistakenly detecting that a pixel is written when in fact it has not͒ would occur if the sum of the leakage currents in the passive matrix equals that of the forward biased current of an unwritten diode. Since the read operation is done by sequentially scanning through the rows, the maximum number of pixels in a row leading to an error is equal to Nϭmod͉I F1 /I F0 ͉S B ϳ10
3 . Here, I F1 and I F0 are the forward biased currents for the unwritten and written ͑e.g., corresponding to a logical 0 and 1͒ pixels, respectively, and S B is the signal-tobackground contrast ratio required to clearly distinguish a 1 from a 0. Here, we assume that S B ϭ10. Hence, given the performance of the devices demonstrated here, we estimate that a 1 Mbit WORM memory is easily attainable based on the hybrid concept. For this estimate, we assume that the current of a written pixel is Ͻ10 Ϫ4 that of the forward biased current of a single element in the memory. Then the sum of the leakage ͑or ''sneak''͒ currents from nonaddressed diodes in a particular row or column does not significantly affect I F1 /I F0 ; a condition met for the devices in Fig. 11 . Such a memory element could be written within 1 s, and would occupy approximately ͑1 mm͒ 2 assuming each square pixel is 500 nm on a side, with 50% filling of the array with memory elements. Note that the number of bits in the twodimensional ͑2D͒ memory array scales quadratically with current in the 1 and 0 states. Hence, an increase in I F1 /I F0 will allow the memory to scale rapidly based on anticipated materials and structural advances.
The second consideration in determining memory size is the limitation based on writing accuracy. Since the writing process occurs at high currents and voltages, and given the large rectification ratio of the Si diode, writing a bit in error at a particular crosspoint does not appear to be a significant limitation to WORM performance using the proposed architecture.
The concept introduced here is therefore adaptable to very large ͑up to 100 Mbits, depending on the addressing and writing schemes employed͒ 2D arrays that can be both read and written on short time scales ͑Ͻ1 s employing interleaved row addressing, for example͒ consistent with the highest performance archival WORM memories. The rich but highly reproducible character of the conductivity switching process reflects a complex mechanism whose complete understanding will open avenues in the design and application of high performance conducting and electrochromic polymers.
VI. CONCLUSIONS
Analysis of the current-voltage and transient characteristics of conductivity switching in PEDOT shows a complex series of effects that are driven primarily by injection current, but where electric field and thermal effects also play significant roles. At low current densities, conduction in PEDOT is either space charge or injection limited, with holes being the primary charge carrier. As current is increased to Ͼ500 A/cm 2 , a permanent drop in conductivity involving the electrochemical reduction of PEDT ϩ chains and the oxidation of PSS Ϫ , a process catalyzed once ϳ4.5 V is dropped across the electron injecting contact, as inferred from the electric field dependence of the conductivity switching process. Quantitative analysis of the transient and dc response of the current suggests an electron mobility of n ϭ(1.0Ϯ0.2)ϫ10 Ϫ6 cm 2 /V s, or approximately four orders of magnitude smaller than the hole mobility. The undoping process, while current-driven, is thermally activated at power densities of several kW/cm 2 . Heating results in a precipitous and permanent decrease in film conductivity.
The conductivity switching mechanism is selfregulating, resulting in a well defined final, permanent lowconductivity state of the polymer that is up to 10 3 times less than the conductivity in the as-deposited, unswitched state. Furthermore, the extremely high current densities allow switching the films at Ͻ2 s, and ultimately, the switching time is limited by the thermal time constants of the materials which lead to an extended tail following the current transient peak. This makes PEDOT a good candidate for nonvolatile WORM memories for data storage at bit rates ϳ10 6 s Ϫ1 . We emphasize that in switching several hundred samples, all films terminated in an open circuit condition, with no short circuits observed. When layered as a fuse onto the surface of low cost thin film Si p-i-n diodes predeposited onto thin, metal foils as demonstrated here, these results suggest that integrated PEDOT fuses in an inorganic/organic hybrid memory array have the potential for use in practical and reliable archival WORM memories compatible with standard electronic memory applications.
